Environmental management depends on high-quality monitoring and its meaningful interpretation. The combination of local weather dynamics, regional anthropogenic stresses and global environmental changes make the evaluation of monitoring information in dynamic freshwater systems a challenging task. While the lake ecosystems gather many complex biogeochemical interactions, they remain constrained by the same physical environment of mixing and transport. It is therefore crucial to obtain highquality physical system insight. Three-dimensional hydrodynamic models are perfectly suited for providing such information. However, these models are complex to implement, and their use is often limited to modellers. Here, we aim to provide model output via a user-friendly platform to a broad audience ranging from scientists to public and governmental stakeholders.
Introduction
Successful environmental management depends on highquality monitoring. Such information is relevant for the entire management chain from the definitions of environmental goals to planning, implementation, enforcement and finally to efficiency control. A touchstone of effective management is the ability to convert monitoring to meaningful information and actions. The complex dynamic response of water bodies to external forcing often hampers any straightforward interpretation of monitoring data. External forcing always comes as a combination of long-term global environmental changes, local anthropogenic influences and short-term weather dynamics. In lakes, a lack of anticipation of those responses can lead to management inefficiency and additional costs as well as compromising long-term quality targets. The combined costs related to eutrophication in the US freshwater systems amounts to $2.2 billion per year (Dodds et al., 2009 ). Longterm eutrophication-related issues lead to emergency interventions in response to harmful algae blooms. A well-known example was the drinking water shutdown on August 2nd 2014, in the vicinity of the City of Toledo (Lake Erie), affecting more than 500 0 000 consumers (Carmichael and Boyer, 2016) . Besides the need to predict at short time scales, the development and evolution of harmful algae (Paerl et al., 2011) and -more generally -to prevent human exposure to critical substances and pathogens (Brookes et al., 2004) , there are many other environmental risks and human activities requiring attention (i.e. management of heat extraction, water level, flooding, leisure and professional boat navigation and related storm hazards).
The challenge is that biogeochemical processes are driven by an incommensurable number of reactions. Yet, they are all subject to the same physical environment. It is therefore crucial to first establish a high-quality representation of the hydrodynamics that is the transport and mixing governed by advection-diffusion equations. Furthermore, physical and biogeochemical processes are usually spatially structured , hence traditional in-situ monitoring may lack representativeness due to its limited spatial coverage (Kiefer et al., 2015; Soulignac et al., 2019) . This brought to the fore the need for new monitoring programs (Hering et al., 2015) , using novel approaches in combining numerical simulations and remote sensing observations (V€ or€ osmarty et al., 2015) .
The adoption of one-dimensional hydrodynamic models is growing at a rapid pace (Gaudard et al., 2017; Gaudard et al., 2019; Bruce et al., 2018; Kirillin et al., 2011) , while three-dimensional (3D) models, beyond the expert users, have been limited in their applications due to complexity and tedious calibration. Those latter models are currently the only source of information able of resolving physical processes at the large variety of spatio-temporal scales involved in lake dynamics. The results of the combination of direct observations and numerical simulations can be disseminated in a timely and comprehensive manner by operational forecasting systems. As of today, a limited number of operational systems with an integrated data-model approach exist to monitor inland waters. The most notable is undoubtedly the Great Lakes Operational Forecast System (GLOFS, https://tidesandcurrents.noaa.gov/ofs/ glofs.html) initiated more than 25 year ago (Schwab and Bedford, 1994 ) that provides nowcast and forecast guidance of various physical characteristics, such as water levels, temperature, currents and ice cover, for the five North American Great Lakes (Chu et al., 2011; Anderson et al., 2018) . Other platforms have been developed such as the online lake modelling tool FLake-Global (http:// www.flake.igb-berlin.de/model/run), a platform for the onedimensional estimation of temperature and mixing conditions in any shallow freshwater lake at seasonal scale (Kirillin et al., 2011) , the open-access platform Simstrat (https://simstrat.eawag.ch/) for high-frequency lake modelling and statistics data sharing for scientists and practitioners (Gaudard et al., 2019) , the 3D monitoring and forecasting tool WIS-CAST, applied to a mid-sized lake for a duration of three months (Kimura and Wu, 2018) , or the 3D hydrodynamic model for Lake Constance (Bodenseeonline; https:// www.lubw.baden-wuerttemberg.de/wasser/bodenseeonline). Nevertheless, the number of online lake operational systems remains limited, particularly when compared to the widespread use and development of meteorological and coastal ocean systems (Kourafalou et al., 2015) .
In this study, we present a near real-time monitoring and forecasting system for lakes with its online platform, meteolakes.ch. This platform aimed at a paradigm shift in how lakes are studied and monitored by providing the following possibilities: (i) an unified user-friendly data visualisation platform for citizens, water professionals and scientists, (ii) an open access to the model output (for historical and forecasting data); and (iii) an uncertainty quantification of model output through data assimilation. These requirements warrant an optimal dissemination of data (open access to the data), facilitation of short-term decision-making (userfriendly visualisation) and possible use of the output data (uncertainty quantification). Meteolakes processes and disseminates past, present and future spatial information derived by harnessing the combined potential of in-situ measurements, space-borne remote sensing observations and numerical simulations to create a dynamic synoptic view of the entire lake. Operational since 2016, the system provides open access to lake environmental information to up to thousand daily visitors concerning recreational activities, hazard warnings, risk assessment and scientific phenomena. Besides the short-term interests, such information is used for longterm planning and management decisions. This article provides an overview of Meteolakes, its technical design and implementation, observational and modelling components. Finally, data products are showcased through two examples of notable meso-scale physical phenomena, including a strong upwelling and a storm event, which affected commercial and recreational activities in and around the lake.
Methods
Meteolakes is a unified solution benefitting all interested in lakes. The platform gathers into a single system the apparently disconnected objectives of public and governmental stakeholders. For this purpose, we designed an online data platform, including an Application Programming Interface (API), and real-time data processing chains, to openly distribute modelled key hydrodynamic variables with a state of the art uncertainty quantification through data assimilation and a complete spatio-temporal coverage of the lake, in near real-time with short-term forecasts. Meteolakes ultimately combines lake hydrodynamic simulations, in-situ measurements and remote sensing observations. This section provides an overview on the data composition and acquisition scheme, the computational framework, key model components and the online interface.
Platform components
The flowchart shown in Fig. 1 summarizes the system processes and key tasks, software and hardware components. The following subsections briefly describe the main components of the webbased platform. Currently, hydrodynamic processes in four lakes are available on Meteolakes: Lake Geneva, Lake Zurich, Lake Biel, and Greifensee. Yet, the system can be scaled-up to include additional others lakes. Moreover, the architecture of the platform allows porting this system for worldwide applications by adding support for the local meteorological weather forcing. In the absence of national weather products, the latter can be achieved using European Centre for Medium Range Weather Forecasts worldwide high-resolution (9 km) atmospheric products (ECMWF HRES). For sake of simplicity, we focus here on Lake Geneva only.
Study site
Lake Geneva (locally Le L eman) is the largest freshwater lake of Western Europe (maximum depth, surface area and volume of 309 m, 580 km 2 and 89 km 3 , respectively). It is located between Switzerland and France (46.458 N, 6 .528 E), in the perialpine region at an altitude of 372 m. The mean hydraulic retention time is 11.4 years, with its main tributary, the Rhône River located at the Eastern end accounting for 75% of the water flow entering the lake (average (1986e2013) of 184 m 3 /s). Lake Geneva has a damoperated/regulated outflow, located at the western end in Geneva. Complete deep convective mixing occurs only every 5 to 10 winters in Lake Geneva (Schwefel et al., 2016) . Average wind speeds above the lake are in the range of 1e2 m/s and currents reach speeds of~0.3 m/s on windy days (with wind speeds > 5 m/s).
Hydrodynamics computations
Delft3D-FLOW e The open-source modelling suite Delft3D-FLOW (Deltares, Netherlands) has been used for this system platform. Detailed hydrodynamic numerical model description can be found in the Delft3D-FLOW manual (Deltares, 2015) . This model has been extensively calibrated and validated for Lake Geneva Baracchini et al., 2019a , 2019b , Soulignac et al., 2018 . The current setup includes a 450 m horizontal grid resolution and 100 unevenly distributed (from 20 cm at the surface to several m in the hypolimnion) vertical zlayers (layers are horizontal and do not follow the lake bed) with a time stepping of 1 min. Subgrid processes are parameterized with the k-ε turbulence closure model. The model has initially been started from an in-situ temperature profile taken at the deepest location in January 2015 and has been running continuously since then. The model is forced by a time-varying set of two-dimensional meteorological data (see below) and by the river inflow data of the main tributaries (see below).
Meteorological forcing e MeteoSwiss COSMO-1 and COSMO-E products (MeteoSwiss, 2019a (MeteoSwiss, , 2019b are used as meteorological forcing. Seven variables are extracted from those files by the model pre-processor (Figs. 1 and 2): wind speed, wind direction, solar radiation, air pressure, cloud cover, relative humidity, and air temperature. COSMO-1 products are provided on a 1.1 km grid with hourly resolution. COSMO-E provide hourly forecasts over 120 h, at a reduced spatial grid resolution (2.2 km). Model hindcasts are forced with COSMO-1 reanalyses, while Meteolakes daily forecasts are forced by COSMO-E forecasts.
Rivers forcing and water levels e River data consists of discharge and water temperature collected at 10 min intervals by the Federal Office of the Environment (FOEN). Water level measurements are collected in real-time and sent daily from the FOEN File Transfer Protocol (FTP) server. Water levels allow a hydrological budget closure and modelling of lake water level changes. Once received, the files are corrected with various integrity checks, including removal of duplicates, removal of incoherent observations, and inference of missing data. The system then forecasts the next 4.5 days of river temperature and discharge based on hybrid models for river temperatures (Toffolon and Piccolroaz, 2015) and statistical models (Marques et al., 2006) for the other parameters (flows and water levels). More details on the entire procedure and the hydrological budget are available in appendix A. This entire processing is monitored by the hypervisor (Fig. 1) , which warns the administrator via e-mails when encountering missing or incoherent data and solution selected to circumvent the problem.
Remote sensing monitoring
The space-borne Advanced Very High Resolution Radiometer (AVHRR) sensor has been selected as the operational remote sensing data source. Its moderate spatial (1 km) and high temporal (10 overpasses per day) resolution enables the real-time monitoring of the lake surface water temperature (LSWT) and mesoscale to basin-scale lake dynamics. The partnering Oeschger Centre at the University of Bern has an operational data downlink from satellites, which facilitated the access to the data. The AVHRR LSWT retrieval process, with locally adapted Split Window coefficients for Lake Geneva, is described in Lieberherr et al. (2017) and Lieberherr and Wunderle (2018) .
The AVHRR information is transferred to Meteolakes local database using a FTP server for additional screening and comparison with the model. The filtering on Meteolakes local server ( Fig. 1 ) includes removing pixels with quality levels lower than 4 . Data is then mapped to the model grid, compared with its corresponding model LSWT field, and Flowchart of system processes and overview of key tasks, software and hardware components. Input data are shown on the left under the circle symbols (e.g. "Rivers & water levels" for observed river discharge and temperature; "Meteo" for meteorological forcing; "AVHRR" for Advanced Very High Resolution Radiometers from environmental satellites; and "In-situ" for lake observations). Data are quality checked and pre-processed to be used as model input (meteorological, rivers and water levels data) or for data assimilation with Ensemble Kalman Filtering (satellite data). Model output are then post-processed and all data and models results archived on the local server. Furthermore, results are available through three different interfaces: (1) a web interface, (2) the API and (3) a smartphone application. Finally, subscribers can receive early-warning e-mails to selected processes automatically detected by the supervisor (red arrows). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) uploaded via FTP to Meteolakes web server. The AVHRR skin temperature is directly compared with the model bulk temperature and no skin-to-bulk conversion is applied in this current version due to the non-trivial parameterization when both wind and convective processes play significant roles for the near-surface turbulence. Differences due to skin effects can thereby be expected. The update of the local database and comparison with the model is performed every 3 h (Fig. 2) .
In-situ monitoring
A small nearshore permanent station, located in shallow waters off the town of Buchillon, has been instrumented with various meteorological and in-water sensors. Those include thermistors located at 1 m and 35 m depth, and two radiometers (Heitronics Pyrometer KT15II) measuring lake skin temperature. Meteorological observations include air temperature, solar radiation, wind speed and direction, humidity, dew point, and air pressure. A programmable Campbell Scientific controller with data-logger and a GPRS module ensures real-time transmission of the data as well as modification of the setup when needed. The data collection and update of the local database is performed on an hourly basis ( Fig. 2 ) and uploaded online on meteolakes.ch. All measured data are shared publicly on the web platform.
Data assimilation
Forecast uncertainties and more robust hindcasts are achieved by implementing a data assimilative operational model. Such an upgrade is needed to make optimal use of satellite-based surface information (Drusch et al., 2009 ) and in-situ data. The application of advanced data assimilation techniques with data from various sources across multiple spatio-temporal scales is rare (van Velzen and Verlaan, 2007) . It is however needed to effectively quantify and reduce the uncertainties of data products capable of providing actionable guidance and enabling risk-based decision-making (Coccia and Todini, 2011; Pappenberger et al., 2007 Pappenberger et al., , 2008 Thielen et al., 2009; Weerts et al., 2011) . In this study, a data assimilative ensemble approach has been implemented to optimally combine the three information sources in an operational context. The approach aims at quantifying and reducing system uncertainties, while accounting for both observational and model errors. Technical details and the development of the open source tools are described in Baracchini et al. (2019a) . The same procedure, developed for Lake Geneva, is used in this study. We briefly describe here the real-time operations and information flow of such a method.
An Ensemble Kalman Filter with 20 members is used to combine LSWT with the hydrodynamics computations. The AVHRR data candidate for assimilation is filtered using the real-time in-situ monitoring station (Section 2.1.4). The thermistor located at 1 m depth selects satellite images with a temperature mismatch lower than 1 C compared to the bulk temperature at 1 m (Fig. 1) . This allows to circumvent translating the satellite skin temperature into water bulk temperature in addition to providing its uncertainty estimates. As described in Baracchini et al. (2019a) , a localization scheme with a 15 km cut-off distance is used. Model uncertainty is Fig. 2 . Daily workflow and automated main tasks performed by the background system. Routines for the numerical simulations (centre square), in-situ measurements (left) and remote sensing data (right) are schematized. In-situ and remote sensing data is recursive (routines triggered every 1e3 h). Once meteorological and river data received, the hydrodynamic simulations are started. Due to a slight delay for the river data delivery, the simulations start earlier for lakes not requiring river data. The varying size of some boxes (e.g. pre-processor, hydrodynamics computing) indicates different lake-specific computational demands. The supervisor is Meteolakes early-warning system. accounted for through the addition of spatio-temporally correlated noise into the wind fields. COSMO-E statistical products, containing the wind standard deviation, are used to define the wind noise properties (Model noise processor, Fig. 1) . A maximum of one satellite image is assimilated per day, with a maximum of five images per week to ensure the operational requirements. Our approach aimed at being operational and the upper limit of assimilated images is so far constrained by operational computational resources with the goal to provide output in < 6 h. Hence, we arbitrarily limited the amount of information being assimilated.
Computational framework
Meteolakes model computations and data processing are performed on a local server (Fig. 1) . The machine comprises two Intel Xeon E5-2697v4 with 256 GB of error-correcting code random access memory, and a RAID-1 configured storage solution. While the system has been built to be computationally easily distributed, so far all numerical simulations are performed on this machine.
The 3D hydrodynamic simulations are run daily (Fig. 2) . Every day, the system computes the hydrodynamics of the lake starting arbitrarily from the previous Sunday at 00h00, using COSMO-1 gridded surface meteorological reanalysis and tributaries observations. Model restart conditions are generated on Sundays by a computation comprising the entire previous week and using reanalysis forcing. Forecasts from the previous day are overwritten the next day by the new nowcast cycle. Thereafter, those daily computations perform a 4.5 days hydrodynamic forecast using the COSMO-E products and river forecast model (Section 2.1.2).
The automation of the processing tasks related to the numerical modelling is performed by PowerShell scripts triggered by the Windows Task Scheduler at~8h00 in the morning (Fig. 2, middle  panel) . The river model, model pre-/post-processors, and supervisor are coded in MATLAB and are called by the PowerShell scripting. The pre-processor formats river and meteorological data into Delft3D-FLOW input files. The post-processor creates netCDF and CSV model output files by extracting and saving only specific fields (e.g. temperature, flow velocity, grid information) at a reduced spatial resolution to optimize storage load and the online user experience. Finally, the supervisor analyses model results to automatically detect configured physical processes of interest. In the current version, monitored physical processes include upwelling (by k-means clustering), high surface flow velocities, and out-ofbounds cold/warm waters at various depths. The supervisor acts as an early-warning system by sending information (e-mails with text and image detailing the intensity and location of the event) to a list of subscribers via the Meteolakes web server.
Web interface
Meteolakes includes two pathways for data dissemination with different target users. The majority of users interact with Meteolakes through its online interface, meteolakes.ch. Here, the main objective is to provide immediate comprehensive interactive lake information on the website. Advanced users, however, request data with the API, which provides the users that information in a simple format.
A smooth web navigation is critical to have the proposed monitoring system widely adopted by the civil society and lake professionals. Meteolakes online interface benefits from Web 2.0 concepts, with in particular, optimized user-data interaction, and intuitive information exchange through simple and responsive designs. Moreover, the meteolakes.ch web interface has been built with platform and display scalability in mind, for a seamless experience on a broad range of devices (smartphone, computer, and tablet).
Advanced users can generate URL links, which are interpreted by the server running the developed back-end application. The API extracts the desired dataset from the model netCDF output files and send it back to the user in formatted CSV files. Detailed explanations on how to use the API and available data can be found directly on meteolakes.ch at the following link: http://meteolakes.ch/ #!/data. Both interfaces are detailed in Appendix B.
Products and application examples

Meteolakes
In this section, we provide an overview of the Meteolakes online products. We start by describing the various interface elements, followed by examples on how such elements can be used for practical assessments of physical phenomena. Two examples are presented: an upwelling and a storm event with high local currents.
An illustration of meteolakes.ch homepage is presented in Fig. 3 . Two animated maps show the LSWT of Lake Geneva on the left and currents on the right, computed by the Delft3D-FLOW hydrodynamic model for the time indicated in the top panel. Several dropdown menus are available in the upper navigation bar. One can select the lake (currently four), the year (starting in 2009), the week and depth of interest. The hydrodynamic interface displays weekly periods. For each moment, the absolute time and the position in the time-frame slider are shown to the user. The time-slider is blue for forecasts and grey for the past. In addition to basic functionalities such as zoom and displacement, the maps can be clicked to obtain time-series at selected locations (Fig. 4 ). For systems with data assimilation (e.g. Lake Geneva), the time-series will further show the uncertainty of the model by displaying the min and max of all ensemble members as shown in Fig. 4 . The temperature map has two additional tabs, providing a visualisation of temperature over depth at predefined transects along the main axes of the lake. They allow the visualisation of stratification and mixing. The flow velocity map has a secondary tab enabling a particle-tracking mode. When this mode is selected, the user has the possibility to release particles online at any spatial location (on the horizontal plane and over depth), and to follow their trajectories. Particles are treated as passive tracers, they are only advected horizontally by the userdefined model layer and are not impacted by vertical mixing nor settling. Finally, at the bottom of the web page (Fig. 3) , a navigation bar allows access to the in-situ measurements, the remote-sensing validation, the API documentation and various additional system information.
Figs. 5 and 6 are examples of respective in-situ measurements and remote sensing observations as displayed on meteolakes.ch. Fig. 5 shows the water temperature at 1 m depth (blue), 35 m depth (red) and radiometric skin temperature (orange) measured at the Buchillon station. For in-situ measurements, the user has the possibility to define a period of interest (starting late 2016); this data is available in near real-time (maximum delay of 1 h). Seven additional atmospheric variables are available (not shown here). Remote sensing observations and a comparison with the modelled LSWT are also available in near real-time through the "Remote Sensing" tab ( Fig. 6 ). It is worth noting that although the AVHRR data (upper right plot) have been filtered based on its quality flags (Section 2.1.3), no skin-to-bulk conversion is applied and the data is directly compared with model surface bulk temperature (upper left plot). Fig. 6 provides a spatial (lower left plot) and a temporal (lower right plot) overview of model deviations with respect to the AVHRR skin temperature. The temporal evolution is shown by displaying the median difference (blue dot), along with the 10th and 90th percentiles of those offsets (green bars) for each imagemodel comparison. It is possible to cycle through this temporal Fig. 4 . Time-series of temperature in 2019 as displayed online when the user clicks on a point of interest. The confidence interval represents the uncertainty of the system through the min and max of the ensemble members at the point of interest for the given seven days period. For this particular week, two satellite images have been assimilated (22 nd and 23 rd of May at 6h00), visible by a significant reduction in uncertainty. comparison to visualize each satellite image and corresponding model snapshot.
Upwelling event
On 29 th June 2017, a large upwelling was forecasted for the western basin of Lake Geneva. Fig. 7 shows modelled temperature before (left plots) and during (right plots) the event. Left plots show a rather uniform and warm (21 C) LSWT on 30th June with a stratified profile and a thermocline around 15 m depth. Less than two days later, the surface shows a large horizontal thermal gradient resulting from a strong westerly wind event with LSWT 10 C colder on the western part of the lake compared to the main basin. The bottom-right plot indicates that the stratification has been broken in the western basin, with a full upwelling of hypolimnetic water up to the surface. The signature of the upwelling and following basin-scale internal waves oscillations are also evident at the Buchillon station ( Fig. 5 ) from in-situ measurements located some 10 km away from the main upwelling zone. There, LSWT dropped on June 29th immediately followed by a temperature rise both at the surface and at 35 m depth due to gravitational adjustment through the propagation of internal Kelvin waves (Bouffard and Lemmin, 2013) . Such full upwelling did not only affect the lake but also the outflow water for millions of downstream residents as evidenced by the measured and modelled temperature at the outlet of Lake Geneva (Fig. 8) . In Fig. 8 , both model and observation were in good agreement (timing and intensity, RMSE ¼ 0.8 C) and showed a 12 C drop in temperature in the (upper-right) . Bottom-left plot shows the difference between the two datasets and bottom-right plot depicts the temporal evolution of those differences (here for one month prior to the shown snapshot). Only one satellite per day (and maximum 5 per weeks) are used for data assimilation. Other satellites data can be used for model and satellites observations comparisons. downstream water over 2 days. The uncertainties are not shown in this figure as the event occurred before the operational data assimilation scheme was implemented. Looking at the meteorological forcing, which created the upwelling event, we found that it is the result of long-lasting winds blowing from South-West.
The consequences of upwellings for the lake ecosystem and the downstream water remain poorly investigated. One reason is the lack of monitoring tools for meso-scale processes and the difficulty to conduct specific field measurements to track transient phenomena such as the illustrated event. Open access forecasting systems such as Meteolakes can help planning field measurements and open new opportunities for understanding such processes and monitoring their magnitude and spatial extent. In this study, a diagnostic system to automatically detect and warn users has been developed. The method is based on a k-means clustering method, splitting the LSWT in two clusters. When the centroid difference of those clusters is larger than 4 C, an alert is triggered by the supervisor ( Figs. 1 and 2) . In the case of Lake Geneva, the developed early-warning system allowed the subscribers to closely monitor such events during the course of two years (2017 and 2018), by being warned about possible occurrences up to four days in advance. Using a similar approach (i.e. comparing a lake model grid point with outlet river temperature measurements), we observed and modelled 6 and 16, respectively, upwellings with a sudden drop of surface temperature by more than 5 C (respectively 2 C) at the Eastern end of Lake Geneva between April and November 2016.
Storm-induced lake currents
Lake forecasting systems are also relevant for predicting the dynamic effects of extreme storms. The sudden high-speed wind event from 6 th August 2018 is an illustrative example for the application of such predictive approaches. Fig. 9 illustrates the surface currents as a result of a spatially localized North-Eastern coastal wind event. Timing was critical as the storm lasted less than 3 h, as shown by the plots before (upper-left), during (main plot) and after (upper right) the event. Surface flows 3 h before the event were in the range of 0.2e0.3 m/s. During peak intensity at 18h00, currents reached 0.8 m/ s in the red patch of Fig. 9 , before returning to 0.2e0.3 m/s 3 h later. The inset in Fig. 9 shows the devastating wind waves in Vevey Harbour on the North-Eastern shore. While two physical phenomena are described in this study, other processes with significant implications for the biogeochemistry of the lake are visible on the platform. For instance, gyres have been found to structure the lateral dispersion of primary productivity (Soomets et al., 2019) as a result of the Coriolis force and subsequent strong up-/down lifts of the thermocline. Those structures are repeatedly observed in Lake Geneva Kiefer et al., 2015) . We refer the reader to meteolakes.ch in order to visualize two of those events: (1) November 3rd, 2015 (week 45 on Meteolakes), and (2) December 3rd, 2018 (week 48), visible in Fig. 3 . In that regard, we found that these recurrent gyre systems are the response of a prevalent North-Eastern wind and that they decay within weeks after those wind patterns dissipate.
Discussion
Platform acceptance e Since its deployment mid-2016, Meteolakes has provided lake information to more than 250 0 000 users. Its usage reached an average of~1000 daily visitors in mid-summer 2019. The platform demonstrated its effectiveness in disseminating both 3D model results and lake observations from satellites and in-situ sensors. Analysis of logging data showed that 51% of connexion logs come from smartphones, 41% from computers and 8% from tablets with 78% of the traffic originating from Switzerland. This device log distribution indicates that we created a scalable and responsive interface to distribute lake data. We distinguish three categories of users from the platform: (i) civil society, (ii) lake professionals, and (iii) scientists. Comments posted on the Android application and articles in newspapers indicate that the civil society has positively received and used the web-based platform, with main interests in lake temperature and currents for recreational activities (navigation, swimming). This category of lake users is also characterised by a strong seasonal variability with most activity over the summer period. Lake professionals, such as fishermen, contribute to a regular stream of visits independent of the season.
Platform applications -The web-based interface allows the visualisation of vertical transects or any horizontal layer to detect zones of interest such as dynamic areas with strong temperature gradients. The possibility to display near-future currents and lake temperature at specific coordinates is also used by beach operators on their respective websites. The upwelling event and associated 12 C temperature drop illustrated on Figs. 7 and 8 show the importance of monitoring and predicting lake surface nearshore temperature. Warning messages related to storm conditions on the lake, as shown on Fig. 9 , are also particularly relevant for lake professionals. Finally, the possibility to interactively add passive tracers at selected coordinates and water depth, and thereby evaluate the dispersion of pollutants, is expected to help drinking water intake operators in case of contamination. The practical benefit of the web-based platform regarding dynamic pollution tracking has not yet been evaluated. Finally, the use of Meteolakes by scientists is now well established. Two approaches can be distinguished: first, such a model allows putting the in-situ and satellite information into a basin-scale context. This approach has contributed, for instance, to the interpretation of negatively correlated remotely sensed temperature and chlorophyll areas which ultimately result from upwelling and basin-scale internal waves propagation lifting the thermocline and deep chlorophyll maxima upward . Similarly, the use of archived modelled data helped in identifying the source and the spatial distribution of a remotely sensed calcite precipitation event (Nouchi et al., 2019) . Further investigation of such transient processes will require specific in-situ measurements. The forecasting mode of Meteolakes is currently used for identifying areas warranting the deployment of in-situ sensors in a similar way as suggested by Baschek et al. (2017) . A global upscale of the platform is finally technically possible but would require large computer resources. Such global scale approaches are nowadays done with 1D model (Woolway and Merchant, 2019) and cannot account for spatially varying physical processes such as basin-scale internal waves, upwelling and Ekman pumping or gyre circulations all affecting the biogeochemical responses of the trophogenic surface layer.
Impacts of the platform are observed by three different types of stakeholders. First, the online system guides scientists in the design and planning of field campaigns and opens new frontiers for research on interdisciplinary processes. This is particularly relevant for transient dynamic phenomena such as upwellings, gyres or biogeochemical events (such as algae blooms, Wynne et al., 2013; whiting events, Nouchi et al., 2019) , which are difficult to observe using in-situ observations without a priori knowledge. Second, lake-related professionals such as fishermen, beach operators, rescue organisations, drinking water facilities and engineering consultants access information for diverse reasons. Third, hundreds of citizen use Meteolakes on a daily basis for recreational activities (such as navigation and swimming) or to discover the beauty of lake dynamics related to distinct weather events.
Conclusions
Like most environmental systems, lakes are undergoing various stresses from global and local influences, seriously compromising the ecosystem services they provide. Given that a large part of humanity lives near freshwater bodies, reactions to extreme weather events can have drastic economical and human costs. Our current view of the problem is based on reanalysis of historical data and hindcasts. While such classical approaches have provided tremendous amount of information, many challenges are clearly unreachable with such frameworks. Specifically, we are currently poorly prepared to react to short-term transient events such as localized pollution, harmful algae bloom, upwelling events or storms. Furthermore, such episodic features with localised influence are often difficult to study. The coverage of those scales is only achieved by the combination and timely distribution of three types of information: (i) in-situ measurements, (ii) remote sensing observations and (iii) model simulations.
Here, we have developed a new web-based operational modelling platform allowing scientists, lake professionals and citizens to easily access historical, current and short-term forecasting of lakes dynamics. This platform is a step toward merging apparently disconnected interests of environmental-aware citizens, professionals and scientists interested in the fundamentals of the system. Practically, the challenge is solved by providing an effectively functioning and interactive scalable interface together with an efficient archiving approach allowing open access to data and a forecasting mode. Importantly, data assimilation of remotely sensed lake surface temperature allows quantifying the temporal and spatial evolution of the model uncertainty. The presented platform Meteolakes has provided spatio-temporal lake temperature and currents to more than 250 0 000 visitors over the last three years and has been featured in numerous local media, public events, and museum exhibitions. Meteolakes propose a new way of disseminating model results through a modern approach, combining (i) integration of in-situ observation, remotely sensed data and hydrodynamic models, (ii) a user friendly web-based visualisation of results for a broad audience from scientists to citizens, and (iii) open access to model output with uncertainty quantification provided by data assimilation, and (iv) operation forecast. We believe that the combination of all these criteria combined into a platform for the first time with Meteolakes is a necessary condition for the community to make major progress in science. Meteolakes is not a static platform. Instead, the concept of Meteolakes is that new features can be installed over times (other lakes, more post processing capabilities, other in-situ observation). Yet, the goal to advance in science will remain to engage scientists via Meteolakes in a more transparent and communicative way to openly provide access to model data with uncertainty quantification for all.
Flow and temperature are provided in real-time for the Rhône River (inlet and outlet, Fig. 2) . Lake water levels are collected~4 km East from the Buchillon station, along the shore at 10 min intervals. Finally, the data (FOEN) also contains 4.5 days forecasts of the Rhône River inflow based on MeteoSwiss COSMO-E products.
After the daily download from the FOEN FTP server, the data passes various integrity checks. The filtering includes removal of duplicates, removal of incoherent observations, and inference of missing data. Specifically, timestamp are checked to identify duplicate data and out of physically prescribed range data are scanned and automatically remover. Finally, inference of missing data and 4.5 days forecast of the outflow are estimated by singular spectrum analysis forecasting (Marques et al., 2006) using the first four principal components. When both the lake outflow and inflow from the Rhône River measurements and forecasts are available for the computational period, the contributions from the remaining rivers are generated by the river model. Two methods have been implemented in Meteolakes: the first one considers a constant lake volume and the difference of the outflow with the Rhône inflow is spread among the remaining three tributaries. The second method, currently used on the platform, aims at reproducing the water level variations of the lake and therefore requires additional data (water levels measurements). In this method a Gaussian filter is first applied to the observed water level time-series to remove the highfrequency signature from surface seiches. The water levels timeseries then undergoes singular spectrum analysis forecasting to generate the next 4.5 days of forecasts. For each time-step i, the missing flow (Q i,m ) is given by:
With Q i,out the outflow from Lake Geneva (Fig. 2) , Q i,Rhône(in) the inflow from the Rhône, A the surface area of the lake as a function of its water level H, and dH the change in lake water level during timestep dt i . The remaining flow Q i,m is then distributed among the three remaining rivers, based on the flow contribution over the past 20 years. Cases of negative values are accounted for and mitigated. Additional filters ensure the remaining flow is coherent. Finally, river temperature is needed to drive the model. For the Rhône, realtime measurements are used, however for the remaining rivers or Rhône temperature forecasts, a physical model is operated. From the work of Toffolon and Piccolroaz (2015) , it is possible to estimate the river temperature as a function of air temperature and discharge. This is achieved with the following integration:
dT river dt ¼ 1 d a 1 þ a 2 T air À a 3 T river þ q a 5 þ a 6 cos 2p t t y À a 7 Â À a 8 T river ;
where the eight parameters, a 1 -a 8 , are obtained through calibration. Written in this form, they avoid having to specify explicitly all geometrical characteristics of the river and specific heat inputs (Toffolon and Piccolroaz, 2015) . T air is the air temperature obtained from COSMO-E products, t and t y are the time and the duration of a
year (in the same units as t), respectively, and q ¼ Q river /Q river is the dimensionless discharge.
B. Web interface
B1 Online web-application
The AngularJS open-source JavaScriptebased front-end framework is used to facilitate the web application development. We make use of various existing libraries and protocols such as the Leaflet map API, asynchronous server-client data transfers, for a spatially enabled and responsive content. To reduce computational load on the server, the vast majority of Meteolakes processing and rendering is performed client-side.
Apache Cordova, a mobile application development framework, allowed wrapping up the CSS, HTML and JavaScript code into a packaged Android application. This enabled a distribution on the Google Play store, without the need to develop a truly native mobile application using platform-specific APIs. Meteolakes Android app can be downloaded at the following link: https://play.google.com/ store/apps/details?id¼ch.epfl.meteolakes&hl¼fr_CH.
The results stored on the web server, which are processed by the web interface or mobile application, are in text-file format. Upon user request, additional results can be displayed (e.g. temperature and flow velocity at different depth). Those are provided directly by the API from model results files located on the local server ( Fig. 1 ).
B2 Application Programming Interface
Following user demands for raw data access and additional spatial information, we developed an API. Meteolakes API is built using the open-source Node.js runtime environment. Node.js allows the execution of JavaScript code outside the browser; in our case, it runs server-side directly on the Meteolakes compute and local server (Fig. 1) .
Data requests are made by generating URL links, which are interpreted by the server running the Node.js application. The developed back-end application runs as background task, constantly listening to a port on which the requests are made. When receiving a request, the server will extract in the model netCDF output files the desired dataset and send it back to the user. The data is sent in formatted CSV files. Due to the relatively large size model files can have, we decided to have the API directly interact with the local server computing the hydrodynamic models rather than interacting with meteolakes.ch web server, as the latter would require having significantly more file transfers. More information on how to use the API are available directly on meteolakes.ch at the following link: http://meteolakes.ch/#!/data.
